The main objective of this article is to analyse the multiannual variability of frost occurrence and the length of the frost-free period in Poland and neighbouring countries between 1971 and 2010. A frost day was dened as a day on which the minimum temperature was below 0°C and the maximum temperature was above 0°C. On average, between March and November, there were 30 frost days in Poland and neighbouring countries, and their number ranged between 12 and 61. In the analysed multiannual period, there was a statistically signi cant tendency for the last spring frost to be earlier. Conversely, the rst autumn frost occurred increasingly late, although the changes were not statistically signi cant. All but three stations (Augsburg, Kaliningrad, Olsztyn) recorded an increase in the length of frost-free periods, which was statistically signi cant in 51% of stations. The pressure condition conducive to the occurrence of frosts was anticyclonic circulation, as con rmed by the SLP and z500 hPa maps which were drawn up, and the Grosswetterlagen (GWL) classi cation types which were distinguished.
Introduction
The observed warming of the climate system is evident and unequivocal, thanks to, among others, observations of increases in global average air and ocean temperatures. Between 1880 and 2012, the increase in the average temperature of the Earth's surface was 0.85°C, and the rst decade of the 21 st century is considered the warmest since instrumental measurement began [1] . Previous research on air temperature in di erent regions of Europe has shows an upward trend [2] [3] [4] [5] [6] [7] [8] [9] . As Fortuniak et al. [3] and Kożuchowski and Żmudzka [10] have shown, the strongest warming in Poland in the second half of the 20 th century occurred as winter passed into spring, and in February and March in particular. Similar results were obtained by Michalska [6] , who showed that the most considerable increase in air temperature took place in February, March, May and August. An increase in air temperature results in an extension of the growing season, which in turn modi es the phenological phases of particular plants [11] [12] [13] . Plant growth is especially dependent on air temperature changes in winter and early spring, as these control plants' dormant and growth periods [13] . The possibility of late spring frosts together with more-and-more frequent mild winters constitutes a challenge even for frostresistant plants [14] . The atmosphere, and air temperature in particular, not only stimulates the growth cycle of plants, but also poses a potential threat to them in the form of late frosts, droughts or storms [15] . Frosts, although irregular, are one of the most frequent harmful phenomena for plants in the growing season [16] . The threat posed to cultivated plants by frosts mainly occurs in plant germination and owering phases but also-in the case of some vegetables (e.g. cucumbers and tomatoes)-in the plant maturing stage [17] . Frost occurrence before owering starts may be harmful to ower buds; still, this harm is less considerable than it might be in the owering period. On the other hand, frosts occurring in the owering period may lead to a complete loss of crops [13] . What is more, sudden and unexpected frost incidents in autumn may cause harm in the form of signi cant or even complete yield losses [18] . Frosts cause general impairment of plant organisms and this results in the reduction of both immunity to disease and resistance to unfavourable weather. Furthermore, tissue damage also facilitates infections, e.g. from parasites [19] . Frost also has an in uence on road maintenance, the length of the construction season and on the proper preparation of building structures, for which freeze-thaw processes are of great signi cance [20] .
With regard to the growing interest in the issue of global warming and the great threat it poses, and with par-ticular regard to the impact of frosts on plants, the results of the conducted research may be of interest to a wide and diverse group of recipients. Therefore, the research objectives are as follows: 1. to determine the multiannual and spatial variability of frost occurrence and the length of the frost-free period in Poland and neighbouring countries, 2. to determine the baric situations which cause very severe frosts and May frosts in Poland and neighbouring countries A frost day was de ned as a day on which the minimum temperature was below 0°C and the maximum temperature was above 0°C [21] . The study included such parameters as: the number of frost days between March and November, the last spring frost day, the rst autumn frost day and the length of the frost-free period. On the basis of daily minimum temperature values, the following types of frosts were distinguished: [22] -slight -0.1 to -2.0°C -moderate -2.1 to -4.0°C -severe -4.1 to -6.0°C -very severe <-6.0°C Subsequently, the variability of the aforementioned parameters was analysed for the investigated multiannual period, and trends of changes in the selected parameters were determined.
Data and methods
Additionally, for the days with frost in May and for very severe frosts (T min <-6°C)-which occurred in at least 10 of the 42 stations-the pressure conditions were determined by drawing up maps of mean sea level pressure (SLP) and the height of the isobaric 500 hPa pressure surface (z500 hPa). The height of the isobaric 500 hPa pressure surface constitutes a supplement to information on the conditions close to the ground surface. The course of the height at which it lies provides information on the location of warm and cool air masses over a particular area and allows warm and cool sectors of pressure systems to be determined. This is due to the relationship between temperature and air density, which is visible in di erent barometric degrees in di erent thermal conditions. Warm air masses are lower in density than cool masses, and therefore the drop in pressure as one ascends through a warm air mass is slower. On the other hand, in dense, cool air masses one observes a more considerable pressure drop as one ascends. Therefore, the height of the isobaric surface in geopotential metres is lower in cool air masses than in warm air masses [23] .
The study used daily SLP and z500 hPa values in 120 nodes of a 5°×5°geographical grid for the area of 35-70°N latitude, 35°W-40°E longitude. Data were obtained from the records of the National Center for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) Reanalysis [24] , which are available in Climate Research Unit resources. SLP anomalies and z500 hPa maps were drawn up as supplementary information. Anomalies were calculated as a di erence between mean SLP and z500 hPa values from the selected days and the mean value of the above-mentioned properties in May and in the period within March and November in the investigated multiannual period. Additionally, for the aboveselected days with frost in May and very severe frost, circulation types were determined by means of Grosswetterlagen classi cation -GWL [25] (Table 1) .
Results . Frost-free period
Between 1971 and 2010 in Central Europe, on average the frost-free period started on 24 April and ended on 20 October. On average, the earliest recorded last days of spring frost occurred in the seaside stations of Arkona and Rostock (3-5 April), while the latest were recorded in the eastern part of the analysed area, in upland and mountainous areas, e.g. Suwałki, Białystok and Poprad (4-10 May) (Figure 2a ). The earliest rst days of autumn frost were recorded in Poprad and Białystok (27-29 September), and the latest was recorded in Rostock and Arkona (15) (16) (17) (18) (19) (Figure 2b) . The above-mentioned data showed that the rst days of autumn frost occurred earliest in the areas where the last spring frosts were recorded latest, while the rst autumn frosts occurred latest where On average, in Central Europe, the rst day of the frostfree period was recorded progressively earlier (statistically signi cant; p < . ), while its last day was recorded progressively later (statistically insigni cant change). Only in Aachen was an increasingly late occurrence of the last spring frost recorded; still, the change was not statistically signi cant. Meanwhile, in Olsztyn, there were no changes recorded in the investigated multiannual period. In other stations, an increasingly early occurrence of the last spring frost was recorded, with these changes being statistically signi cant in 62% of stations. The most considerable change was recorded in Zielona Góra, namely, 7.8 days per 10 years (Figure 3) . In 69% of the stations, an increasingly late occurrence of the rst autumn frost was recorded; however, the changes were statistically signi cant in only three of those. The most considerable changes were recorded in Köln (4.6 days/10 years), Frankfurt (4.3 days/10 years) and Hamburg (4.2 days/10 years) (Figure 4) . Meanwhile, an earlier occurrence of rst autumn frosts was recorded in, among others, Augsburg (3.0 days/10 years), Kaliningrad (2.7 days/10 years) and Liberec (2.5 days/10 years).
In Central Europe, the average length of the frost-free period was 181 days and ranged from 139 days in Poprad to 227 days in Arkona (Figure 2c, 5) . The length of frostfree periods increased from east to west. The shortest frostfree period was recorded in 1977 and 1991 in Poprad and lasted only 101 days. In those years, the last spring frost occurred on 4 June and 30 May, respectively, while the rst autumn frost occurred on 14 and 9 September. On the other hand, the longest period of frost occurrence was recorded in 2000 in Rostock, and lasted 300 days. At that time, the last spring frost occurred on 22 February, and the rst autumn frost on 20 December. In the discussed multiannual period, apart from three stations (Augsburg, Kaliningrad, Olsztyn), an increase in the length of the frost-free period was recorded, which was statistically signi cant in 51% of stations. The extension of the above-mentioned period ranged from 0.4 days/10 years in Liberec, Łeba and Toruń to 10.5 days/10 years in Frankfurt ( Figure 5 ). Furthermore, a considerable increase in the length of the frost-free period was recorded in Rostock (9.4 days/10 years), Hof (9.3 days/10 years) and Köln (9.2 days/10 years).
. Frosts between March and November
Between 1971 and 2010 in Central Europe, between March and November an average of 30 frost days was recorded; still, the mean value for the particular stations ranged between 12 in Aachen and 61 in Poprad (Figure 6 ). The number of frost days in the March-November season varied from 0 days in 2000 (Rostock) to 81 in 1982 (Poprad). In 70% of stations there was a reduction in the recorded number of frost days; still, only in 4 stations was that number statistically signi cant. The most signi cant decrease in the analysed days was recorded in Hof (4.5 days/10 years) and in Frankfurt (3.4 days/10 years).
The average number of days with slight frost (T min from -0.1 to -2.0°C) for Central Europe was 16, which constituted 53.3% of the total number of frost days. An increase in the number of such days was observable from west to east, as well as in the upland and mountainous part of Germany. Within the investigated period, the average number of frost days uctuated from 8 in Aachen and 9 in Rostock to 23 in Białystok. In the investigated multiannual period, the seasonal number of days with slight frost uctuated from 0 in 2000 in Rostock to 36, both in 1980 in Hof, and in 2003 in Augsburg. There was a decrease in the recorded number of days with slight frost in 71% of stations, of which the decrease was statistically signi cant in 10 of the 42 cases (e.g. Lublin 3 days/10 years, Hof 2.5 days/10 years).
The average number of days with moderate frost (T min from -2.1 to -4.0°C) for the investigated period was 9, which constituted 30% of the total number of frost days. The mean value for particular stations ranged from 3 in Arkona and Rostock to 24 in Poprad. The highest number of such days was recorded in 1977 in Poprad (41 days). The rate and directions of changes in the number of moderate frost days were di erent in the individual stations. Only in seven stations was there a statistically signi cant decrease in the number of days with moderate frost, and the most signi cant changes occurred in, among others, Poprad (4.7 days/10 years) and Sliač (2.9 days/10 years).
The average number of days with severe frost (T min from -4.1 to -6.0°C) for Central Europe was 3, which constituted 10% of the total number of days with frost. The average number for individual stations ranged from 0.4 day in Arkona to 7 days in Poprad. In the analysed multiannual period, the highest number of days with severe frost was recorded in 1997 in Rzeszów (19 days) .
The average number of days with very severe frost (T min <-6.0°C) for the analysed area was 2, which constituted 6.7% of the total number of days with frost. The total number of such days was very diverse and ranged from 3 in Arkona to 484 in Poprad. The occurrence of very severe frosts was mainly limited to four months; that is, until March and April in spring, and until October and November in autumn. Only in Toruń and Poprad were very severe frosts recorded in May (2 May 2007) and in Poprad in September (28 September 1977) .
The occurrence of very severe frosts in Central Europe was connected with a high-pressure system with its centre over south-eastern Poland (>1022 hPa) (Figure 7 ). On the analysed days, the pressure was higher than the average pressure between March and November, and the values of anomalies uctuated from 1 to >6 hPa over the investigated area. Over the majority of the continent, contour lines of isobaric surface 500 hPa bent southward creating a clear depression over Central Europe, indicating the presence of cold air masses. The analysed area remained within negative z500 hPa anomalies, which uctuated from -120 to < -200 m. This system caused advection of cold continental air masses from the eastern sector. In addition to this, a distinguishing feature of anticyclonic weather is a lack of, or little, cloud cover, causing strong heat emission from the surface at night. The result of cloudless weather together with the advection of cold air masses was temperature drops to below -6°C. According to Grosswetterlagen (GWL) weather-type classi cation, days with very severe frost were more frequently recorded with anticyclonic circulation (56.4%) than with cyclonic circulation (39.6%). The highest number of days was recorded for HFA type (20.8%) and HM type (9.9%) (Figure 8 ).
. Frosts in May
The greatest threat to plant development is from May frosts. In the investigated multiannual period, only Aachen and Rostock had zero frosts in May. The frequency of occurrence of May frosts increased from west to east and was highest in Poprad (75 days), Białystok (70 days) and Olsztyn and Suwałki (62 days each). In the discussed multiannual period, the most signi cant frequency of May frosts was recorded at the end of the 70s and the beginning of the 80s of the 20 th century, and the highest number of frosts was recorded in May 1980 in Olsztyn (12 days). In over 90% of stations, the highest number of frosts was recorded in the rst ten days of the month (approximately 68% of all May frosts), while the second monthly maximum occurred at the beginning of the second ten days; that is, in the period of the so-called mid- The occurrence of May frosts in the investigated multiannual period was, on average, connected with the high pressure system lying over Central Europe, with its centre over Poland (>1019 hPa) (Figure 9 ). On the discussed days, SLP was higher than average for May, and anomalies uctuated from approximately 1 hPa over south-western Germany to more than 4 hPa over eastern Poland. On the analysed days, the isobaric 500 hPa surface was lying lower than average for May, which shows the presence of cold air masses over the investigated area. The described system caused the advection of cold continental air masses from the eastern sector. The in ow of cold air masses and strong heat emission from the surface resulted in a temperature drop to below 0°C. According to Grosswetterlagen (GWL) weather type classi cation, the occurrence of May frosts was mainly connected with anticyclonic circulation (63.9%). The highest number of days was recorded in the following types: NWZ, HM, BM, NEA (14% each) (Figure 8 ).
Discussion of results
Between 1971 and 2010, in Central Europe, an increasingly early occurrence of the last spring frost and an increasingly late occurrence of autumn frost were observed. Similar results were obtained while analysing frost occurrence in different areas of Poland, among others, in Szczecin Lowland [26] , in the area of Bydgoszcz [16] , in North-Eastern Poland [22] and in Poland as a whole [20, 27] . Schein ger et al. [15] while analysing the occurrence of last frosts in spring in Central Europe between 1951 and 1997, also showed that it occurred increasingly early, at a rate of 0.2 day·year − . As a result of the above-mentioned changes in the discussed multiannual period, within the investigated area there was an increase in the length of the frost-free period (except for three stations (Augsburg, Kaliningrad, Olsztyn)) which was statistically signi cant in 51% of stations. Similar results concerning changes of the length of the frost-free period were also obtained for these areas. According to climate change forecasts, the frost-free period will be longer by 40-70 days within the area of Poland, and the highest increase will be recorded within the areas where this period is currently shortest [28] . Bielec-Bąkowska and Piotrowicz [20] stated that the distinct increase in air temperature from the beginning of the 90s of the 20 th century had its most signi cant in uence on the increase in length of the frost-free period in Poland. On the other hand, other authors [29, 30] [31] . In Switzerland, in the 90s of the 20 th century, there were approximately 50 fewer days with frost than in the 30s. Similar changes were not only observed in Europe, but also in Canada [32] , China [33] and the USA [34, 35] . The greatest threat, with regard to plant development, is from May frosts. In the analysed multiannual period, the highest number of May frosts was recorded at the end of the 70s and the beginning of the 80s of the 20 th century.
Similar results were obtained by Loginov et al. [36] when analysing the occurrence of frosts in May in Belarus between 1966 and 2004. As Meehl et al. [37] showed, in the last 20 years of the 21 st century, there was a decrease in the number of frost days in relation to the reference period , and the most signi cant changes are going to occur on the west coast of North America, in Northern Europe, in Central Asia and in North Africa.
Conclusions
In the analysed multiannual period, there was a statistically signi cant progression towards earlier occurrence of last spring frosts. On the other hand, rst autumn frosts occurred increasingly late, although the changes were not statistically signi cant. The result of the above-mentioned changes has been an extension of the frost-free period. Moreover, a decrease in the number of days with frost was shown, but statistically signi cant changes occurred in only four stations. The length of the frost-free period increased from east to west. In every station, slight frosts were most common, while very severe and severe frosts oc- curred least frequently. The occurrence of both May frosts and very severe frosts within the analysed area was connected with anticyclonic circulation and the presence of cold air masses, which was con rmed by the SLP and z500 hPa maps which were drawn, and by the Grosswetterlagen (GWL) classi cation types which were distinguished.
